The structure of phase-separated ͑Ga, Mn͒As, annealed at high temperature (ϳ700°C), is studied by x-ray diffraction techniques. Analysis of the x-ray diffuse and coherent scattering reveals two types of clusters: ͑1͒ small clusters detected by diffuse scattering through the distortions they produce in the host matrix and ͑2͒ larger clusters with MnAs structure giving rise to coherent diffraction peaks. The average sizes for the two cluster types are estimated to be 5 and 18 nm, respectively. The smaller clusters are found to be of vacancy type. Their density is estimated to be 1.8ϫ10
I. INTRODUCTION
Today much effort is being devoted to the synthesis and study of hybrid ferromagnet-semiconductor heterostructures because of the interesting physical phenomena involved and the relevance of integrating magnetism into optoelectronic device technology. [1] [2] [3] [4] [5] [6] [7] [8] The synthesis of ferromagnetic nanosized particles embedded in a semiconductor host is of particular interest. 9, 10 Such materials offer great flexibility for exploring carrier spin scattering, because the carrier densities in semiconductors are tunable over a wide range and their spatial confinement can be controlled. Despite the great potential for spin-electronic ͑spintronic͒ devices, properties of ferromagnetic dots in semiconductors have been scarcely investigated.
MnAs nanoclusters embedded in GaAs-hereafter denoted GaAs:MnAs-can be obtained by annealing molecular beam epitaxy ͑MBE͒-grown ͑Ga, Mn͒As alloys. [11] [12] [13] [14] [15] [16] [17] The GaAs:MnAs granular material has a ferromagneticsuperparamagnetic behavior ͑depending on the cluster size͒ at room temperature 12, 17, 18 and exhibits giant magnetoresistance and giant magneto-optical effects. 13, 14, [19] [20] [21] It shows a high degree of crystalline perfection, 16 -18 and excellent compatibility with III-V heterostructures. 15 All these properties make the GaAs:MnAs granular material very well suited for application in magneto-optoelectronic devices. 22, 23 The use of the electron spin, in future spintronic devices, requires structures with well-controlled material properties. Besides the control of the magnetic properties, there are strict requirements for structural perfection in these devices. In this paper, we report results of structural studies of phaseseparated ͑Ga, Mn͒As by x-ray diffuse and coherent scatterings. Our motivation is to provide a nondestructive nanoscale structural characterization of the material.
II. EXPERIMENTAL DETAILS
The sample fabrication process included two steps: MBE growth of the ternary ͑Ga, Mn͒As alloy and subsequent thermal annealing. First, a GaAs buffer layer was grown at 600°C on a GaAs͑001͒ substrate. The substrate was then cooled down to 255°C for the growth of 100 nm of LT-GaAs ͑GaAs grown at low temperature͒ followed by ϳ550 nm of ternary ͑Ga, Mn͒As. The ͑Ga, Mn͒As growth rate was 5 nm/min and the As 4 /Ga beam-equivalent-pressure ratio was ϳ20. After growth, the sample was annealed ex situ in a rapid thermal annealing ͑RTA͒ oven under flowing nitrogen gas and covered with a GaAs wafer piece. In the RTA treatment, the sample was heated from 200°C to 700°C in 20 s, annealed at 700°C for 20 s, and cooled down to 400°C in 12 s. After the sample preparation, the structural properties were analyzed by high-resolution conventional and grazingincidence x-ray diffraction measurements.
Grazing-incidence diffraction ͑GID͒ measurements were carried out shortly after the sample fabrication, after exposure to air, in a z-axis six-circle diffractometer 24 using synchrotron radiation from the U125/2 wiggler source at the synchrotron BESSY II ͑Berlin, Germany͒. A double-crystal monochromator allowed to chose the x-ray energy of 12 keV ͑wavelength Ϸ1.03 Å). The GID measurements were carried out in vertical scattering geometry. Angular () scans were obtained by rotating the sample about the horizontal surface normal. Radial (-2) scans were obtained by rotating the sample and the detector about the surface normal, the detector rotating twice as fast and in the same direction as the sample.
Conventional high-resolution x-ray diffraction ͑HRXRD͒ measurements were carried out in a double/triple-crystal diffractometer combining a 18-kW rotating-anode generator ͑Rigaku͒ and a Bede D3 high-precision goniometer. Two grooved dislocation-free high-purity Ge crystals in dispersive (ϩ,ϩ) setting were used as monochromator, 25, 26 producing an x-ray beam with 5% of the intrinsic width of the Cu K ␣1 line (ϭ1.54 Å). The conventional diffraction measurements were carried out in the usual horizontal scattering geometry. Angular () scans were obtained by rocking the sample about the vertical axis, parallel to the sample surface and orthogonal to the scattering plane. Radial (-2) scans were obtained by rotating the sample and the detector about the vertical axis, the detector rotating twice as fast and in the same direction as the sample.
III. RESULTS

A. Coherent scattering
Conventional HRXRD was used to analyze the phase separation occurring upon annealing. Figure 1 shows -2 scans across the ͑004͒ symmetric reflection in the ͑Ga, Mn͒As/LT-GaAs/GaAs͑001͒ sample: ͑a͒ before and ͑b͒ after annealing. Before annealing, in addition to the GaAs substrate peak, two intense peaks are revealed corresponding to coherent diffraction in the LT-GaAs buried layer and in the ͑Ga, Mn͒As top layer. From the HRXRD data, the Mn content in the ͑Ga, Mn͒As layer is estimated to be 8.5% at most. 27 Upon annealing, the Mn atoms leave the zinc blende lattice to form clusters embedded in GaAs. The strain state of the ͑Ga, Mn͒As layer changes from highly compressive ͓Fig. 1͑a͔͒ in the as-grown material, to slightly tensile ͓Fig. 1͑b͔͒ in the matrix of the granular material. The GaAs:MnAs matrix is determined to be compressed in the ͓001͔ direction by (⌬a/a) [ GaAs planes. In the sample investigated here, we did not succeed to detect the weak diffraction signal from MnAs crystallites, using conventional x-ray diffraction, because of the relatively strong contribution of thermal diffuse scattering in this type of measurements. In order to improve the dynamic range, we carried out GID measurements, using synchrotron radiation. By using grazing incidence of the beam, the penetration of the x rays into the bulk crystal is limited. An optimum signal-to-noise ratio is obtained when the angle of incidence is equal to the critical angle for total external reflection. 29 Then the measurement is highly surface sensitive, and the contribution of thermal diffuse scattering from the bulk is dramatically reduced, which allows weak signals to show up.
We have succeeded to detect coherent diffraction from MnAs crystallites embedded in GaAs in a grazing-incidence/ grazing-exit geometry, using synchrotron radiation. Figure 2 shows a -2 scan across the (220) reflection in the GaAs matrix of the granular layer. The incidence and exit angles were both set to 0.3°, which is close to the critical angle for total external reflection in GaAs. Three peaks are apparent in ͕01 12͖ reflection is not aligned with the GaAs (220) reflection, it is detected due to the elongated shape of the diffraction maxima in grazing-incidence measurements. 29 The detection of coherent diffraction from the MnAs crystallites in the GID measurements indicates that the oxidation of the sample surface was not severe, and the near surface region kept good structural quality.
From the position of the (2 110) MnAs peak in Fig. 2 , the interplanar distance in the MnAs crystallites along the ͓2 110͔ direction was determined to be a [2 110] cluster ϭ1.853 Å.
This is close to, but smaller than, the corresponding interplanar distance in bulk hexagonal MnAs a [2 110 ] bulk ϭ1.862 Å ͑Ref.
30͒. Thus, the lattice of the MnAs crystallites is found to be compressed along the ͓2 110͔ direction by (⌬a/a) [2 110] ϭϪ0.49%.
We interpret the large width of the (2 110) MnAs peak in Fig. 2 relates the crystallite size L to the peak broadening ⌬ in -2 scans. Here, is the x-ray wavelength, B is the Bragg angle, and ⌬ is the full width at half maximum of the diffraction peak ͑in radians͒. Equation ͑1͒ gives the size of the crystallites in the direction perpendicular to the diffracting planes. Hence, the average size of the MnAs precipitates in the ͓2 110͔ direction is estimated to be L Ϸ18 nm.
B. Diffuse scattering
The analysis of diffuse scattering near Bragg reflections is a powerful method to study defect clusters that induce lattice distortions in crystalline materials. This technique has been used very successfully in studying point defects, dislocation loops, and precipitates in metals [45] [46] [47] and semiconductors, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] including GaAs. [59] [60] [61] [62] [63] We have recorded a map of the reciprocal space near the ͑004͒ reflection ͑Fig. 3͒ to study the symmetry of the diffuse scattering in the GaAs:MnAs layer. Our experimental setup for conventional HRXRD offered the possibility to use an analyzer crystal to record reciprocal space maps. However, in order to improve the experimental sensitivity and to keep the intensity of the diffuse scattering sufficiently high, we have used two aligned narrow slits ͑instead of the analyzer crystal͒ in front of the detector, and the x-ray beam was not collimated in the vertical direction orthogonal to the diffraction plane. The reciprocal-space map shows two intense peaks corresponding to coherent diffraction in the GaAs substrate and in the GaAs:MnAs matrix as well as broad diffuse scattering. The latter is centered on the coherent diffraction peak from the GaAs:MnAs matrix, and extends asymmetrically in the ͓001͔ direction (-2 direction͒ towards negative values. The intensity contours of Fig. 3 are deformed diagonally, especially around the coherent diffraction peak from the GaAs substrate. The diagonal streaks are an experimental artifact induced by the finite size of the detector slit aperture.
Diffuse scattering measurements in conventional HRXRD can be performed in a quite limited range of wave vectors. Therefore, we carried out measurements under grazingincidence conditions using synchrotron radiation. 54, 56 We measured the diffuse scattering intensity in the GaAs:MnAs granular layer in the vicinity of different reciprocal lattice points. Figure 4 shows -2 and scans across the ͑220͒ reflection recorded in a grazing-incidence/grazing-exit geometry, the incidence and exit angles being equal to 0.3°, and an scan across the ͑111͒ reflection recorded in a grazingincidence/nongrazing-exit geometry, the incidence angle being 0.3°and the exit angle 10.2°. Narrow slits limited ͑in two orthogonal directions͒ the size of the scattered beam entering the detector. Pronounced diffuse scattering is revealed. In scans ͓Figs. 4͑b͒ and 4͑c͔͒, the diffuse scattering extends symmetrically. In the -2 scan across the ͑220͒ reflection ͓Fig. 4͑a͔͒, the diffuse scattering intensity distribution is asymmetric, with a higher intensity at the small-angle side of the coherent diffraction peak.
The distribution of the diffuse scattering along radial directions of the reciprocal space is sensitive to the sign of the deformation. 36, 62 The scattering from vacancy-type defect clusters comprises local Bragg scattering from expanded regions immediately surrounding the clusters, and therefore occurs at wave vectors smaller than the reciprocal lattice vector. Conversely, the scattering from interstitial-type defect clusters occurs mainly at larger wave vectors. 34 The asymmetric contribution to the diffuse scattering leads then to a higher intensity at smaller angles for vacancy-type defects and a higher intensity at larger angles for interstitial-type defects. 34, 45 The observed asymmetry of the diffuse scattering in our GaAs:MnAs granular layer along radial directions of the reciprocal space ͓Figs. 3 and 4͑a͔͒ indicates that the defect clusters are of vacancy type. Figure 5 shows a log-log plot of the symmetric part of the diffuse scattering intensity 64 measured around the ͑220͒ and ͑111͒ reflections in the granular layer. The three curves of Fig. 4 coincide when they are plotted as a function of q ϭ͉q͉, where qϭQϪG is defined as the deviation of the scattering vector Q from the reciprocal lattice vector G. The peak showing up at qϷ0.25 Å Ϫ1 , in the curve corresponding to the -2 scan across the GaAs ͑220͒ reflection ͑Fig. 5͒, is due to coherent diffraction in the MnAs crystallites, as discussed above. Three regions are distinguished in the scattered intensity shown in Fig. 5 . Their origin can be identified considering the theory of diffuse scattering from crystals with defects. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] At relatively small wave vectors, the diffuse scattering is due to the far field of elastic distortions around defects. In this region, called Huang diffuse scattering, the symmetric part of the intensity distribution follows an universal law I H ϳq Ϫ2 . The diffuse scattering at larger wave vectors originates in the vicinity of the defects where the distortions are strong. 35 In this region, called asymptotic or Stokes-Wilson scattering, the intensity distribution follows another universal law I SW ϳq Ϫ4 . The intensity of the StokesWilson scattering quickly decreases when the wave vector q FIG. 4. Grazing-incidence measurements. ͑a͒ -2 and ͑b͒ scans across the (220) reflection in the matrix of the GaAs:MnAs granular layer for incidence and exit angles equal to the critical angle (0.3°). ͑c͒ scan across the (111) reflection for an incidence angle of 0.3°and an exit angle of 10.2°. The solid symbols correspond to the raw data, and the solid lines to the symmetric part of the curves.
increases. At sufficiently large q, the scattering from defects becomes weaker than the thermal diffuse scattering, which follows the law I T ϳq Ϫ2 ͑Ref. 65͒. Thermal diffuse scattering is also present ͑and described by the same law͒ at smaller wave vectors, but it cannot be distinguished because of the dominating diffuse scattering from the defect clusters.
An average defect cluster size can be estimated from the value q 0 where the q Ϫ2 dependence of the Huang diffuse scattering changes to the q Ϫ4 dependence of the StokesWilson scattering ͑Fig. 5͒. This effect has been used [49] [50] [51] [52] [53] for experimental estimations of defect cluster sizes. For spherical loose clusters of point defects in an elastically isotropic crystal, for which radial displacement fields simply superimpose on each other, 33, 34 one has
where R 0 is the effective mean radius of the defect clusters. Hence, from the value q 0 Ϸ0.0374 Å Ϫ1 obtained from Fig.  5 , the mean diameter of the defect clusters responsible for the diffuse scattering in our GaAs:MnAs layer is estimated to be dϭ2R 0 Ϸ5 nm.
The intensity of the Huang diffuse scattering is proportional to the number of defect clusters and, when properly normalized, can be used to determine the cluster density. The intensity of the thermal diffuse scattering provides an internal reference, which can be used to scale the Huang intensity. 60 In the Huang region, the symmetric part of the scattered intensity can be expressed as 36, 42 
where N d is the total number of defect clusters in the illuminated sample volume, f is the structure factor, ⌬V is the change in the volume of the crystal produced by a single defect cluster, v is the unit cell volume, and ⌸(m,n) is a dimensionless factor of order 1, which depends on the unit vectors mϭQ/Q and nϭq/q and on the elastic constants of the matrix. The Huang intensity in Eq. ͑3͒ is expressed in electron units ͑i.e., with respect to the Thompson scattering from a free electron͒. The thermal diffuse scattering intensity can be expressed, in the same units, as
where k B is the Boltzmann constant, T is the temperature of the sample, V is the irradiated volume, E is the Young modulus, and K (m,n) is another dimensionless factor of order 1.
We have introduced the factor K ϭEK, instead of the commonly used factor K(m,n) ͑Ref. 65͒, in order to express the thermal diffuse scattering intensity in analogous form as the Huang scattering intensity. Dividing Eq. ͑3͒ by Eq. ͑4͒ we obtain
where n d ϭN d /V is the defect cluster density, q H is the wave vector in any point of the Huang scattering region, and I H (q H ) is the measured intensity in that point, while q T and I T (q T ) are analogous values in the thermal diffuse scattering region. The dimensionless factor ␣ϭ⌸/K is of order 1. For example, for an ͓hh0͔ reflection in a cubic crystal and scattering direction along ͓110͔, we obtain The volume change ⌬V ͑the misfit volume͒ can be obtained from the wave vector q 0 by using the relation
.
͑7͒
Here C is the elastic strength of the defect cluster, which determines the displacement field around it: u(r)ϭC/r 2 , where r is the distance to the cluster. The crystal is assumed to be elastically isotropic, so that the displacements are radial. The strength C is related to the misfit volume ⌬V as follows:
where is the Poisson ratio. Taking into account the value of q 0 obtained above, the change in crystal volume due to a single defect cluster in the granular layer is ⌬Vϳ4 nm 3 . Using this ⌬V value and the measured intensities of the Huang and thermal diffuse scattering ͑Fig. 5͒, we obtain from Eq. ͑5͒ the density of defect clusters responsible for the diffuse scattering n d ϭ1.8ϫ10
16 cm Ϫ3 . This corresponds to a mean distance between clusters (n d ) Ϫ1/3 ϳ40 nm.
IV. DISCUSSION
Two different average cluster sizes are derived from the analysis of the diffuse and coherent scattering, 5 nm and 18 nm, respectively. Although both sizes refer to average values, they are experimentally well defined, and seem to be representative of two types of clusters present in the granular layer. The larger size clearly relates to clusters having ordered MnAs structure, since the measured Bragg angle is close to that of bulk hexagonal MnAs. The smaller size, probed by the diffuse scattering, relates to defect clusters producing a large distortion in the matrix lattice.
Transmission electron microscopy ͑TEM͒ analysis have confirmed the presence of two types of clusters, with different characteristic sizes, in the sample investigated here ͑Fig. 6͒. Our previous TEM studies 17 of phase-separated ͑Ga, Mn͒As material revealed that three different types of clusters can be formed: ͑1͒ large spherical clusters with hexagonal MnAs structure, ͑2͒ small Mn-rich tetrahedral clusters keeping zinc blende structure, and ͑3͒ small disordered Mncontaining clusters inducing a considerable distortion of the lattice. The TEM analysis of the sample investigated here show that there is a high density of small disordered clusters and a much lower number of large hexagonal MnAs clusters ͑Fig. 6͒. Apart from these two types of clusters, the granular layer exhibits high structural quality, and no extended defects have been detected.
The interface between the hexagonal MnAs crystallites and the host matrix is thought to be relaxed to a high extent, so that these clusters induce only a small distortion of the host matrix. The diffuse scattering in the granular layer investigated here is thought to be produced by the disordered Mn-containing clusters, due to the large local lattice distortion that this type of clusters produce. Thus, in the sample investigated here, diffuse and coherent scattering probe different cluster types. The diffuse scattering is sensitive to the small disordered Mn-containing clusters, and coherent scattering probes the larger hexagonal MnAs crystallites. The vacancy-type nature of the small disordered clusters and the higher packing of the hexagonal MnAs crystallite structure compared to the packing of the zinc blende GaAs structure explain the tensile strain developed in the host matrix ͓Fig. 1͑b͔͒.
V. CONCLUSIONS
After thermal annealing of ternary ͑Ga, Mn͒As, two different types of Mn-containing clusters embedded in the GaAs matrix have been detected by x-ray diffuse and coherent scattering. The analysis of the diffuse scattering revealed the existence of small clusters producing a large distortion of the host lattice. Their average size was estimated to be 5 nm, and they were found to be of vacancy-type nature. Coherent diffraction from larger hexagonal MnAs clusters was detected in grazing-incidence measurements, using synchrotron radiation. Their average size was estimated to be 18 nm, and their lattice was found to be compressed along the ͓2 110͔ direction, compared to bulk MnAs. Conventional highresolution x-ray diffraction measurements revealed that the zinc blende matrix of the granular layer is under tensile strain along directions parallel to the sample surface. Cross-sectional bright-field TEM image of two pieces of the annealed ͑Ga, Mn͒As/LT-GaAs/GaAs͑001͒ sample mounted face to face. The bright diagonal line on the micrograph is due to the glue used to prepare the TEM specimen.
